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bstract

To enhance the metal removing capacity of a fungus biosorbent, a new idea of producing a hybrid biosorbent (HB) matrix by combining two
ifferent biosorbents using a simple and low-cost immobilization technique was tested for the sorption of Cd(II). The two biosorbents, used as the
uilding block for the production of HB matrix, were the fungal biomass of Phanerochaete chrysosporium (B1) and fibrous network of papaya
ood (B2). Maximum independent biosorption capacity of B1 and B2 was noted, respectively, to be 71.36 and 17.62 mg Cd(II) g−1 biosorbent.
owever, when two biosorbents were hybridized to form HB matrix, the combined biosorption capacity (141.63 mg Cd(II) g−1 biosorbent) was

ncreased by 98.47, 703.80%, respectively, as compared to the ability of B1 and B2 when used alone, and by 59.17% than the sum of separate

ndividual abilities of biosorbents B1 and B2. The kinetics of equilibrium was fast, approximately 88% of Cd(II) biosorption taking place within
0 min. Biosorption kinetics and equilibria followed the pseudo-second order kinetics and Langmuir adsorption isotherms model. HB matrix was
lso shown to be highly effective in removing Cd(II) from aqueous solution in a continuous flow fixed-bed column bioreactor, both in batch and
epeated cycles.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Cd(II) is among the most toxic metals and is known to cause
enal dysfunction, bone degeneration, lung insufficiency, liver
amage and hypertension in humans [1]. On the basis of these
dverse health effects, Cd(II) has been included in the red list of
riority pollutants by the Department of Environment, UK [2]
nd in the black list of EEC dangerous substances directive [3].
S Environment Protection Agency has also classified Cd(II) as
roup B1 carcinogen [4].
The major sources of Cd(II) release into the environment
hrough wastewater streams are electroplating, smelting, alloy
nd plastic manufacturing, pigments, battery, fertilizers, mining
nd metal refining processes [5]. The most commonly used pro-
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edures for the treatment of Cd(II) containing effluents include
hemical precipitation, evaporation, ion exchange and mem-
rane separation. Techno-economic considerations, however,
imit their wide-scale applications [6]. Therefore, the need for
he development of economical, effective and safe methods for
d(II) removal has led to the search for alternative procedures.

The use of biological materials in general and fungi in particu-
ar has received considerable attention during recent decades for
he removal of heavy metals as the environment friendly alter-
ative technology [7]. Many fungal species, such as Aspergillus
iger [8], Mucor rouxii [9], Phanerochaete chrysosporium
10], Phomopsis sp. [11], Polyporus versicolor [12], Rhizopus
rrhizus [13] and Trametes versicolor [14] have been tested
nd the metal biosorption capacities for most of these fungal
iomass were found very attractive. The application of these
ungal biosorbents on a commercial scale, however, has been

indered by operational limitations associated with their physi-
al characteristics, such as small particle size with low density,
oor mechanical strength and low rigidity, and solid–liquid sep-
ration [15].

mailto:ffmi@uaf.edu
mailto:iqbalm@fulbrightweb.org
dx.doi.org/10.1016/j.jhazmat.2007.02.009
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As an alternative, a number of agro-based plant waste mate-
ials, such as coconut fibres [16], black gram husk [17], fibrous
etwork of papaya wood [18], petiolar felt-sheath of palm
19] and rice husk [20] have been tested as a low-cost metal
iosorbents. The adsorption capacity of these agro-based plant
aste materials is, however, generally low which in practical

erms means their use in large volumes, rendering their appli-
ation impractical. To overcome the problems associated with
he application of both microbial and agro-based materials as
he biosorbent, a novel idea of producing a hybrid biosorbent
HB) was considered and an innovative HB matrix was pro-
uced by combining two previously known biosorbents, namely,
he hyphal biomass of P. chrysosporium (B1) and the fibrous
etwork of papaya wood (B2) using a simple technique of
mmobilization [21] in which two known metal sorbents act as
omplementing partners.

Application of this HB matrix is reported here as an inno-
ative, inexpensive and environment-friendly biosorbent, for
he first time, for the removal of Cd(II) from aqueous solu-
ion. Attempts were also made to characterize the various
iosorption process parameters (i.e. pH, equilibrium time, initial
etal ion and biosorbent concentration and adsorption isotherm
odelling) influencing the metal adsorption–desorption in antic-

pation of the potential use of this newly developed immobilized
iosorption system to large scale metal recovery systems in near
uture. To highlight the importance of HB matrix, a comparison
as drawn between the biosorption capacity of HB matrix and

he biosorption capacity of free biomass of P. chrysosporium
B1) and the structural fibrous network of papaya wood (B2)
hen used singly, and with other biosorbents reported earlier in

iterature.
The selection of white rot fungi P. chrysosporium (B1), was

ade due to its reported metal biosorption capacity [22] and also
ts versatile ability to degrade a wide variety of environmentally
azardous compounds like polycyclic aromatic hydrocarbons
23], chlorinated organics [24] and synthetic dyes [25] whereas
brous network of papaya wood [B2], an agro-based plant mate-
ial used to entrap B1, was chosen due to its previously reported
etal biosorption potential [18], low cost and highly porous

tructural network, prerequisite for stable microbial entrapment.

. Materials and methods

.1. Microorganism and culture medium

P. chrysosporium (ATTC 24725) was maintained by subcul-
uring on potato dextrose agar slants. Hyphal suspension for
mmobilization was prepared from 7-day old cultures grown
n potato dextrose agar plates at 35 ± 2 ◦C. The liquid growth
edium consisted of (g l−1 of distilled water; pH adjusted to

.5): d-glucose, 10.0; KH2PO4, 2.0; MgSO4.7H2O, 0.5; NH4Cl,

.1; CaCl2.H2O, 0.1; thiamine, 0.001.
.2. Preparation of HB matrix

Fibrous network of papaya wood (B2) was obtained from
he felled dried trunk of the matured tree of Carica papaya.
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he trunk, 15–20 cm diameter, appears like a hollow collapsi-
le cylinder. The cylinder wall, 0.5–0.8 cm thick, is a weak
oody structure, made up of intertwining fibrous tissue mass.
he outer wood surface is covered by papery bark, which on
eeling exposes a honey beehive like structure (Fig. 1), con-
tructed by several fibrous bundles meshed together in easily
eelable layers. To obtain the fibrous network of papaya wood,
he hollow cylindrical papaya trunk was cut into small pieces
2 cm × 2 cm), soaked in boiling water for 30 min, thoroughly
ashed under tap water and left for 2–3 h in distilled water,

hanged three to four times. The washed wood pieces were
ven dried at 80 ◦C to constant weight, autoclaved for 15 min at
20 ◦C at 1.06 kg cm−1 pressure and soaked in culture medium
or 5–10 min under aseptic conditions. Four preweighed wood
ieces (B2) were transferred to 100 ml growth medium con-
ained in 250 ml Erlenmeyer flasks. Each of these flasks was
noculated with 0.5 ± 0.024 ml of fungal mycelium suspension
B1) and incubated at 35 ◦C and shaken at 100 rpm for 6 days.
he fungal mycelium suspension, optical density 0.5 ± 0.021
t 650 nm, was prepared from stationary phase culture of P.
hrysosporium. After five days, P. chrysosporium biomass (B1)
as found entrapped within the fibrous network of papaya wood

B2) to form a hybrid biosorbent (HB) matrix. The HB matrix
o produced was harvested at the day 6 of incubation (Fig. 1),
ashed twice with distilled water and stored at 4 ◦C until use.
he dry weight of the B1 within B2 was determined as the
eight difference of B2 before and after entrapment of B1
ried at 70 ◦C overnight. For scanning electron microscopy,
amples were coated with a thin layer of gold under vacuum
nd examined using a Philips PSEM 501B Scanning Electron
icroscope.

.3. Biosorption studies

The biosorption of Cd(II) by HB matrix from aqueous
olution was carried out in batch biosorption-equilibrium stud-
es. Desired concentrations of Cd(II) solutions were prepared
y diluting 1000 ± 2 mg l−1 standard Cd(II) stock solution
Cd(NO3)2, Merck Ltd., Poole, UK]. pH of the solution was
djusted to 5.0, using 0.1 M NaOH. Fresh dilutions were used
or each biosorption study. The biosorption capacity of B1, B2
nd HB matrix (100 mg) was determined by contacting 100 ml
d(II) solutions of known concentrations (10–500 mg l−1) in
50 ml Erlenmeyer flasks. The Cd(II) solution, incubated with
he HB matrix, was shaken on an orbital shaker at 100 rpm in
ightly stopper flasks at 25 ± 2 ◦C. B1 was removed from metal
olution by centrifugation at 5000 rpm for 5 min, whereas B2 and
B matrix were separated from the solution by simple decanta-

ion. Residual concentration of Cd(II) in the metal supernatant
olutions was determined using atomic absorption spectropho-
ometer (UNICAM-969, Unicam Cambridge, UK, operated with
oftware “Solaar 32”. Fuel (air–acetylene) flow rate was set
t 1.3 l min−1. The working current/wavelength for Cd(II) ions

as 8.0 mA/228.8 nm.. Deuterium background correction was

pplied and standard solutions of five different concentrations
ere used for calibration. A quality control standard was inserted

fter every 15 samples.



M. Iqbal et al. / Journal of Hazardous Materials 148 (2007) 47–55 49

F of pa
P

2

w
m

q

w
c
c
c
t
c
m

q

w
F
l
v

2

p
fi
u
T
a

l

w
a
o
r
s
t
v
I
o

e

w
e
r

2
fi

o
o
b
t
5
t
b
b
C
d

2

e
t

3

3

t
B
R

ig. 1. Hyphal biomass of Phanerochaete chrysosporium (B1), fibrous network
. chrysosporium on papaya wood.

.4. Biosorption isotherms modelling

The Langmuir and Freundlich equilibrium models [26,27]
ere used for the evaluation of adsorption data. The Langmuir
odel assumes monolayer adsorption which is expressed as:

eq = qmaxbCeq

1 + bCeq
(1)

here qeq and qmax are the equilibrium and maximum uptake
apacities (mg metal g−1 biosorbent), Ceq the equilibrium con-
entration (mg metal l−1 solution) and b is the equilibrium
onstant (l mg−1). The Langmuir equation can be experimen-
ally tested by plotting Ceq/qeq against Ceq; a straight line
onfirms that the adsorption isotherm validly fits the Langmuir
odel.
The Freundlich model is presented as follows:

eq = KFC1/n
eq (2)

here KF and n are Freundlich constants of the system. The
reundlich equation can be tested by plotting log qeq against

og Ceq; a straight line confirms that the adsorption isotherm
alidly fits the Freundlich model.

.5. Biosorption kinetics modelling

In order to examine the controlling mechanism of biosorption
rocess, such as mass transfer and chemical reaction, the pseudo-
rst order and the pseudo-second order kinetic models, were
sed to test the experimental data of Cd(II) biosorption by HB.
he first order rate equation of the Lagergren [28] is represented
s:

n(qeq − qt) = lnqeq − K1adt (3)

here qeq (mg metal g−1 biosorbent) is the mass of metal
dsorbed at equilibrium, qt (mg metal g−1 biosorbent) the mass
f metal adsorbed at time t and K1ad (min−1) is the first order
eaction rate equilibrium constant. The pseudo-first order con-
iders the rate of occupation of adsorption sites to be proportional

o the number of unoccupied sites. A straight line of ln(qe − qt)
ersus t indicates the application of the first order kinetics model.
n a true first order process, ln qeq should be equal to the intercept
f a plot of ln(qeq − qt) against t.
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5
w

paya wood (B2) and hybrid biosorbent (HB) matrix produced by immobilizing

The pseudo-second order equation [29] based on adsorption
quilibrium capacity may be expressed in the form:

t

qt

= 1

K2adq2
eq

+ t

qeq
(4)

here K2ad (g mg−1 min−1) is the second order reaction rate
quilibrium constant. A plot of t/qt against t should give a linear
elation ship for the applicability of the second order kinetics.

.6. Continuous removal of Cd(II) by HB packed in
xed-bed column bioreactor

To demonstrate the biosorption potential of HB in a continu-
us flow system, HB (2.04 ± 0.11 g of fungal biomass entrapped
n papaya wood) was packed in an up-flow fixed-bed column
ioreactor (Fig. 2). Cd(II) solution (10 mg l−1, pH 5.0) was
hen pumped upwards through the column at a flow rate of
ml min−1. Samples were collected at regular intervals from

he effluent to measure residual Cd(II) concentrations. As the
ed was saturated, the Cd(II) loading was terminated and the
ed was eluted with 50 mM HCl solution to recover the loaded
d(II) ions. The regenerated bed was washed thoroughly with
eionized water before use in the next adsorption cycle.

.7. Data reproducibility and statistical analysis

The data reported here are the mean values of three separate
xperiments. Statistical analysis of the data was carried out using
he Duncan’s multiple range test [30].

. Results and discussion

.1. Biosorption performance of HB matrix

Biosorption performance of the HB matrix as a function of
ime is shown in Fig. 3. The biosorption capacity of B1 and
2 has also been included in Fig. 3 for comparative purpose.
apid Cd(II) biosorption rates were observed during the first

0 min of contact with HB matrix; 88.86% of the total metal was
dsorbed by the HB matrix, compared with 69.56% by B1 and
5.31% by B2 individually. Biosorption equilibrium, however,
as achieved by all the three biosorbents at about 60 min with
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Fig. 2. Schematic diagram of fixed-bed column reactor, packed with HB
designed to function as a continuous flow system for biosorption of Cd(II).
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capacity at pH values below 3.0 may be attributed to hydrogen
, Metal solution reservoir; 2, peristaltic pump; 3, flow control; 4, glass col-
mn reactor; 5, HB biosorbent; 6, enlarged view of column packing; 7, effluent
torage.

he maximum uptake of 46.73, 12.19 and 91.86 mg Cd(II) g−1

or B1, B2 and HB matrix, respectively, from 100 mg l−1 Cd(II)
olution. The rapid rate of metal uptake by HB may be argued
ue to the surface immobilization of fungal hyphae (B1) on the
ighly porous matrix of papaya wood (B2, Fig. 1), which not
nly increased exposed surface area of fungal hyphae but also

rovide easy and quick access to heavy metal ions to the binging
ites on the fungal biomass.

The statistically significant lower uptake of Cd(II) by B1 may
e attributed to aggregation of the free hyphae into pellets reduc-

ig. 3. Biosorption of Cd(II) from 100 mg l−1 solutions, pH 5.0, by hyphal
iomass of Phanerochaete chrysosporium (B1), fibrous network of papaya
ood (B2) and hybrid biosorbent (HB) matrix produced by immobilizing P.

hrysosporium on papaya wood as related to time of contact.
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ng the surface area for sorption. Metal sorption efficiency of
ungal hyphae has also been reported to decrease with a reduc-
ion in distance between the hyphae [31]. The rapid rate of metal
orption by HB has practical importance for applications in small
eactor volumes, thus ensuring efficiency and economy. This is
lso a significant advantage over the other previously reported
oam and gel-immobilized biosorbent systems where a signif-
cant decrease in the rate of metal uptake has been reported
n comparison with free biomass [32–34]. The slower metal
dsorption rate of these foam/gel-immobilized biosorbents may
e attributed to the restrictions encountered by the solute to dif-
use through the foam/gel membrane for reaching the functional
roups on the biomass surface [31,32].

.2. Effect of pH

It has been well recognized that pH has a significant effect on
he biosorption capacity of heavy metals [22]. pH affects both
he solubility of metal ions and the ionization state of functional
roups (carboxylic, phosphate and amino groups) on fungal cell
alls [35]. In order to establish the effect of pH on biosorption of
d(II) ions onto the B1, B2 and HB matrix, the batch equilibrium

tudies at different pH values were conducted in the range of
.0–8.0. Appropriate pH of the sorption mixture was controlled
y accordingly adding 0.1 M NaOH or HCl and measured at
iosorption equilibrium. As can be noted in Fig. 4, the maximum
orption of Cd(II) ions on B1, B2 and HB matrix were observed
t pH 6.0, which decreased significantly on reducing the pH
alues to 2.0.

Biosorption of Cd(II) by other immobilized and free biosor-
ent systems has also been reported by other researchers to be
egligible at low pH values but sharp increase was shown when
he pH increased from 3 to 5 [36]. The low Cd(II) biosorption
ons that compete with metal ions on the sorption sites [37]. This
eans that at higher hydrogen ions concentrations, the biosor-

ent surface becomes more positively charged, thus reducing

ig. 4. Effect of pH on the biosorption of Cd(II) by Phanerochaete chrysospo-
ium hyphal biomass (B1), fibrous network of papaya wood (B2) and hybrid
iosorbent (HB) matrix; concentration of biosorbents = 1.0 g l−1, Cd(II) con-
entration = 100 mg l−1, controls = 100 mg l−1 Cd(II) solutions without any
iosorbent at pH 2–8 incubated under similar conditions as were used for B1,
2 and HB matrix.
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Fig. 5. Effect of initial metal ion concentration on biosorption of Cd(II)
by Phanerochaete chrysosporium hyphal biomass (B1), fibrous network of
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apaya wood (B2) and hybrid biosorbent (HB) matrix; concentration of biosor-
ents = 1.0 g l−1, pH 5.0.

he attraction between biosorbent and metal ions. In contrast,
s the pH increases, more negatively charged surfaces become
vailable thus facilitating greater metal uptake [38].

.3. Metal removal capacity of HB matrix

Maximum metal sorption capacity of HB matrix was
nvestigated by contacting the biosorbent with varying con-
entrations (10–500 mg l−1) of Cd(II). Increase in the Cd(II)
ptake was noted with an increase in metal ions concentration
n the solution until it reached the maximum capacity of
41.63 mg Cd(II) g−1 biosorbent (Fig. 5). To examine the
eproducibility of this unique hybrid biosorbent, the HB
atrix produced in different batches were used. Excellent

eproducibility of Cd(II) removal capacity was noted for the
B matrix produced in different batches of cultivation, with

he maximum relative standard deviation (R.S.D.) represented
s 2.39% (Table 1). This indicates that the HB matrix produced
n different batches were relatively homogenous and the Cd(II)
emoving capacity of HB under the conditions investigated was
eproducible.
Maximum Cd(II) removal capacity of HB matrix observed
uring the present studies (141.63 Cd(II) mg g−1 biosorbent) is
ot only 98.47 and 59.17% higher, as compared to the ability of

able 1
iosorption capacity of HB matrix produced in different batches

d(II)
oncentration
mg l−1)

Cd(II) removed (mg g−1 HB)

Batch 1 Batch 2 Batch 3 Mean S.D. R.S.D.
(%)

50 47.85 50.14 48.60 48.86 1.17 2.39
00 89.24 86.93 88.05 88.07 1.15 1.30
00 128.63 125.37 124.89 126.29 2.03 1.61
00 140.36 136.85 137.52 138.24 1.86 1.34
00 141.15 138.79 142.28 140.74 1.78 1.26
00 143.81 141.63 141.81 141.63 2.27 1.60

he 100 mg of HB matrix was incubated in 100 ml Cd(II) solution
50–500 mg l−1) at pH 5.0.
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ungal biomass (B1) when used alone, and the sum of separate
ndividual abilities of biosorbents B1 and B2, respectively,
ut is also higher than those reported earlier for the removal
f Cd(II) by other immobilized or free microbial biomass
Table 2). The biosorption capacity of HB matrix for Cd(II)
as also compared with the commercial ion exchange resins

nd was noted to be significantly higher than Dowex 50 W
nd Doulite GT-73, and approximately equal to Amberlite
RC-718. However, HB matrix it was found to have lower
orption capacity than Amberlite 200 (Table 2). It is significant
o mention that ion exchange resins are very expensive.
herefore, considering the low cost of HB matrix, simplicity
f immobilization technique for the production of HB matrix,
nd its high metal biosorption potential, this unique biosorbent
ffers very attractive prospects and could thus be used for the
reatment of wastewater containing heavy metals. The removal
f Cd(II) by B2 was found to be 17.62 mg g−1. Though it
as not possible to predict how much of it contributed to the
41.63 mg g−1 Cd(II) biosorbed by HB matrix, yet most of it
s likely to have been adsorbed on the expanded surface area of
his unique biosorbent provided by the fungal hyphae biomass
mmobilized (B1) along the outer surface of the fibres of B2.
rom these results, nevertheless, it is clear that the use of B2 as
n immobilization matrix for B1 has significantly enhanced the
iosorption capacity of the HB matrix and has cause no negative
ffect on the biosorption process. This is a significant advantage
ver currently reported gel-immobilized alga and fungal
iosorbent systems where a significant decrease in the metal
emoving capacity has been reported in comparison of free
icrobial biomass [34,45]. These reductions in metal uptake by

el-immobilized microbial biomass have been projected to be
ue to diffusional limitations, or the masking of active sites on
he biosorbent [34]. Moreover, part(s) of the cell surface might
e shielded by the gel matrix and would thus not be available for
etal binding [45]. In the present study, surface immobilization

f P. chrysosporium (B1) on the structural fibrous network of
apaya wood (B2) provides a direct contact of biomass to metal
olution which is well suited for biosorption than the enclosed
r beaded immobilization systems based on polymeric gel
tructures.

.4. Adsorption isotherms

Analysis of equilibrium data is important for developing a
rototype that can be used for design purposes. Several isotherm
quations have been used for the equilibrium modelling of
iosorption systems. Out of these isotherm equations, two were
pplied on the data obtained during this study, namely, the
reundlich and Langmuir isotherms. For each isotherm, initial
d(II) concentrations were varied while the HB matrix weight

n each sample was kept constant. The linearized Langmuir
nd Freundlich adsorption isotherms of Cd(II) ions obtained
or HB matrix are given in Fig. 6a and b. The Langmuir and

reundlich adsorption constants evaluated from these isotherms
ith the correlation coefficients are presented in Table 3. Very
igh regression correlation coefficient (>0.991) was found for
angmuir isotherms than the Freundlich isotherms model, which
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Table 2
Comparison between the cadmium (II) removal by HB and others immobilized and free biosorbents found in the literature

Biosorbents Operational conditions qeq (mg g−1) Reference

pH T (◦C) Ci (mg 1−1) M (g l−1)

Fungus free biomass
Aspergillus niger 4.0 26 75.0 2.0 17.40 [8]
Mucor rouxii 5.0 n.a. 10.0 0.66 8.46 [9]
Phanerochaete chrysosporium 6.0 25 5–500 4.0 23.4 [10]
Phomopsis sp. 6.0 n.a. 58.72 2.0 26 [11]
Polyporus versicolor 6.0 20 30–700 n.a 118.2 [12]
Rhizopus arrhizus 5–6 23 22–394 2.0 65.23 [13]

Fungal immobilized biomass
Lentmus sajor-cajuca 6.0 25 200 1.0 123.5 [39]
Phanerochaete chrysosporiumca 6.0 30 200 0.11 75.1 [40]
Phanerochaete chrysosporiumls 6.0 25 10–500 1.0 85.98 [22]
Rhizopus oligosporuspuf 5.3 30 300 1.0 34.25 [31]
Trametes versicolorcmc 6 20 700 n.a 153 [41]
Trametes versicolorca 5.5 25 600 1.0 120.6 [42]

Agro-based plant waste materials
Black gram husk 5.0 25 10–800 5.0 42.56 [17]
Fibrous network of papaya wood 5.0 25 5–500 5.0 17.35 [18]
Petiolar felt-sheath of palm 5.0 25 100 5.0 10.82 [19]

Commercial ion exchange resins
Amberlite 200 4.8 n.a. 2249.6 5.0 202.46 [43]
Amberlite IRC-718 4.8 n.a. 2249.6 5.0 146.22 [43]
Doulite GT-73 4.8 n.a. 2249.6 5.0 55.12 [43]
Dowex 50 W 5.0 30 1
HB 6.0 25

ca: Calcium algmate; ls: loofa sponge; puf: polyurethane foam, cmc: carboxyrnethylc

Fig. 6. The linearized (a) Langmuir and (b) Freundlich adsorption adsorption
isotherms for the sorption of Cd(II) by Phanerochaete chrysosporium hyphal
biomass (B1), fibrous network of papaya wood (B2) and hybrid biosorbent (HB)
matrix.
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12.48 1.0 134.97 [44]
50–500 1.0 141.63 [P.S.]

ellulose; P.S.: present study.

uggests that the adsorption process by HB was better defined
y Langmuir than by the Freundlich equation.

.5. Biosorption kinetics modelling

In order to analyze the biosorption kinetics of Cd(II) ions, the
seudo-first order and the pseudo-second order kinetics models
ere applied to the data. The experimental data were observed

o fit well to the pseudo-second order equation (Fig. 7a and b).
he comparison of experimental biosorption capacities and the

heoretical values calculated from the two kinetics equations
re presented in Table 4. The theoretical qeq values, estimated
rom the first order kinetics model, were significantly different
han the experimental values, while the correlation coefficients
ere also found to be lower. These results indicate that the first
rder kinetics model does not describe the biosorption of Cd(II)
y the HB matrix well. The correlation coefficients for the lin-
ar plots of t/qt against t for the second order equation were
bserved to be close to 1 for the contact time of 60 min. The
heoretical qeq value for HB matrix was also very close to the
xperimental qeq values in the case of second order kinetics
Table 4). These observations suggest that Cd(II) biosorption by
B matrix was not described by a the first order kinetics, while

he pseudo-second order kinetics model, based on the assump-

ion that the rate-limiting step may be the biosorption involving
alence forces through sharing or exchange of electrons between
iosorbent and sorbate, provides a good correlation of the data
29].
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Table 3
Isotherms model constants and correlation coefficients for biosorption of Cd(II) ions from aqueous solution

Biosorbents Langmuir isotherms model Freundlich isotherms model

qmax (mg g−1) b (l mg−1) r2 KF n r2

B1 68.61 ± 2.47 0.058 0.996 7.13 2.41 0.949
B2 17.24 ± 0.72 0.043 0.991 1.85 2.38 0.908
HB 141.32 ± 3.25 1.24 0.996 34.98 3.67 0.920

qmax is maximum Cd(II) uptake (mg g−1 biosorbent) and b is the equilibrium constant for Langmuir isotherm model, KF and n are the Freundlich constants, r2 is
correlation coefficient.

Table 4
Theoretically determined constants of pseudo-first and second order reaction kinetics based on the sorption of metals from 100 mg l−1 Cd(II) solutions, pH 5, by
1 g l−1 B1 and HB matrix during shake flask metal-sorbent contact at 100 rpm for 120 min

Biosorbent Experimental qeq (mg g−1) First order constants Second order constants

qeq (mg g−1) K1ad (min−1) r2 qeq (mg g−1) K2ad (g mg−1 min−1) r2

B 4
H 1

3
fi

t
c
s
b

F
u
o
t

a
p
t
l
a

1 48.55 ± 1.89 69.45 −0.05
B 92.36 ± 2.78 83.37 −0.07

.6. Continuous removal of Cd(II) by HB matrix in
xed-bed column bioreactor

Breakthrough curves obtained for the metal-binding poten-
ial of HB in a continuous liquid flow system at different Cd(II)

oncentrations are presented in Fig. 8. The Cd(II) loading curves
howed an excellent, clear zone (i.e. 100% removal) before the
reakthrough point. Approximately 43.0, 22.5 and 10.5 l of 5, 10

ig. 7. Linearized pseudo-first and second order kinetic models for Cd(II) ions
ptake by Phanerochaete chrysosporium hyphal biomass (B1), fibrous network
f papaya wood (B2) and hybrid biosorbent (HB) matrix; Cd(II) concentra-
ion = 100 mg l−1, concentration of biosorbents = 1.0 g l−1, pH 5.0.

c
i
C
t
1
m
i

3

s
M
C
t
e

F
m
b

0.966 49.81 0.0006 0.995
0.969 93.71 0.0014 0.998

nd 20 mg l−1 Cd(II) solution, respectively, were treated com-
letely before breakthrough occurred. In the loading stage, a
otal of 319.18, 303.82 and 298.66 mg of Cd(II) was accumu-
ated in the column for the three columns, respectively, operated
t 5, 10 and 20 mg l−1 Cd(II) solution. The total biosorption
apacity of HB packed in columns was obtained by numer-
cal integration of the whole breakthrough curve. Thus, the
d(II) biosorption capacity of the HB in the column opera-

ion at various Cd(II) concentrations ranged between 142.90 and
45.74 mg of Cd(II) g−1 biosorbent, which agrees well with the
aximum value of 141.63 mg of Cd(II) g−1 biosorbent obtained

n batch shake flask experiments.

.7. Desorption and reuse

Desorption of the adsorbed Cd(II) ions from HB matrix was
tudied in fixed-bed continuous flow columns using 0.05 M HCl.
ore than 98% of the adsorbed Cd(II) was desorbed from the
d(II) loaded HB matrix (Fig. 9). The desorbent volume required

o achieve the desirable 0.1 mg l−1 Cd(II) through the efflu-
nt discharged in columns operated with 5, 10 and 20 mg l−1

ig. 8. Biosorption breakthrough curves for the removal of Cd(II) at different
etal concentrations by hyphal biosorbent (HB) matrix in a fixed-bed column

ioreactor.
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[25] K.V. Radha, I. Regupathi, A. Arunagiri, T. Murugesan, Decolorization stud-
ig. 9. Desorption breakthrough curves for the removal of Cd(II) by hybrid
iosorbent (HB) matrix in a fixed-bed column bioreactor.

d(II), respectively, was 525, 475 and 500 ml. Compared with
he wastewater treated volumes in the fixed-bed column bioreac-
or (43.0, 22.5 and 10.5 l of 5, 10, 20 mg Cd(II) l−1, respectively),
hese volumes, respectively, represented the metal solution vol-
me reduction of 130.5×, 81.05× and 44×. This is a major
ractical advantage, which results in a significant reduction
n the volume of Cd(II) solution, for the final removal of

etal ions from the effluent. In order to assess the reusability
f the HB matrix, a series of adsorption–desorption experi-
ents were performed. The HB matrix undergoing successive

dsorption–desorption cycles retained good metal adsorption
apacity even after five cycles. The total decrease in the sorp-
ion efficiency of HB matrix after five cycles was only about
.68%, which shows that HB matrix has good potential to
dsorb metal ions from aqueous solution and can be used repeat-
dly. Furthermore, no significant leakage of entrapped biomass
r physical breakage of HB matrix was observed during five
epeated adsorption–desorption cycles as was noted with other
olymeric matrices used in immobilized systems [34,46], which
ltimately resulted in the loss of biosorption capacity of these
mmobilized systems.

. Conclusion

Efficient Cd(II) removing capacity of HB matrix observed
uring the present study and simplicity of the immobilization
echnique, used to entrap P. chrysosporium (B1) on to the papaya
ood structural fibrous network (B2), to produce the HB matrix,

ndicate the of potential application of this novel and reusable
etal biosorbent, which could be used as a significant tool

or the development of a low-cost biomaterial-based polishing
reatment of heavy metal wastes in industrial effluents. Since
ndustrial effluents normally contain multimetal system, fur-
her studies to characterize the interaction of Cd(II) with HB
n the presence of other metals or directly in diluted authentic
astewater are suggested.
eferences

[1] G.F. Nordberg, R.F.M. Herber, L. Alessio, Cadmium in the Human Environ-
ment: Toxicity and Carcinogenicity, IARC Scientific Publications, 1993.

[

s Materials 148 (2007) 47–55

[2] UK Red List Substances: Environmental Protection (Prescribed Processes
and Substances) Regulations, 1991 (SI 1991/472).

[3] EEC Black List Substances: EEC Directive 76/464/EEC (OJ L129 18.5.76).
[4] U.S. Environmental Protection Agency, Integrated Risk Information Sys-

tem (IRIS) on Cadmium, National Centre for Environmental Assessment,
Office of Research and Development, Washington, DC, 1999.

[5] J.O. Niragu, J.B. Sprague, Cadmium in the Aquatic Environment, Wiley-
Interscience, New York, 1987.

[6] B. Volesky, S. Schiewer, Biosorption of metals, in: M.C. Flickinger, S.W.
Drew (Eds.), Encyclopedia of Bioprocess Engineering, John Wiley and
Sons, New York, 1999, pp. 433–453.

[7] P. Lodeiro, R. Herrero, M.E.S. de Vicente, Thermodynamic and kinetic
aspects on the biosorption of cadmium by low cost materials: a review,
Environ. Chem. 3 (2006) 400–418.

[8] Y.G. Liu, T. Fan, G.M. Zeng, X. Li, Q. Tung, F. Ye, M. Zhou, W.H. Xu, Y.
Huang, Removal of cadmium and zinc ions from aqueous solution by living
Aspergillus niger, Trans. Nonferrous Met. Soc. Chin. 16 (2006) 681–686.

[9] G. Yan, T. Viraraghavan, Heavy metal removal from aqueous solution by
fungus Mucor rouxii, Water Res. 37 (2003) 4486–4496.

10] M. Iqbal, R.G.J. Edyvean, Biosorption of lead, copper and zinc ions on
loofa immobilized biomass of Phanerochaete chrysosporium, Miner. Eng.
17 (2004) 217–223.

11] F. Saiano, M. Ciofalo, S.O. Cacciola, S. Ramirez, Metal ion adsorption by
Phomopsis sp. biomaterial in laboratory experiments and real wastewater
treatments, Water Res. 39 (2005) 2273–2280.

12] N. Satiroglu, Y. Yalcinkaya, A. Denizli, M.Y. Arica, S. Bektas, O. Genc,
Application of NaOH treated Polyporus versicolor for removal of divalent
ions of Group IIB elements from synthetic wastewater, Process Biochem.
38 (2002) 65–72.

13] P. Yin, Q. YU, B. Jin, Z. Ling, Biosorption removal of cadmium from
aqueous solution by using pretreated fungal biomass cultured from starch
wastewater, Water Res. 33 (1999) 1960–1963.

14] A. Jarosz-Wilkolazka, E. Malarczyk, J. Pirszel, T. Skowronski, A. Leonow-
icz, Uptake of cadmium ions in white rot fungus Trametes versicolor:
effect of Cd(II) ions on the activity of laccase, Cell Biol. Int. 26 (2002)
605–613.

15] A.P. McHale, S. McHale, Microbial biosorption of metals: potential in the
treatment of metal pollution, Biotechnol. Adv. 12 (1994) 647–652.

16] A. Espinola, R. Adamian, L.M.B. Gomes, An innovative technology: nat-
ural coconut fibre as adsorptive medium in industrial wastewater cleanup,
Waste Treat Clean Technol. Proc. 3 (1999) 2057–2066.

17] A. Saeed, M. Iqbal, Bioremoval of cadmium from aqueous solution by
black gram husk (Cicer arientinum), Water Res. 37 (2003) 3472–3480.

18] A. Saeed, M. Iqbal, M.W. Akhtar, Removal and recovery of heavy metals
from aqueous solution using papaya wood as a new biosorbent, Sep. Purif.
Technol. 45 (2005) 25–31.

19] M. Iqbal, A. Saeed, Removal of heavy metals from contaminated water by
petiolar felt-sheath of palm, Environ. Technol. 23 (2002) 1091–1098.

20] C.R.T. Tarley, M.A.Z. Arruda, Biosorption of heavy metyals using rice
milling by-products. Chracterisation and application for the removal of
metals from aqueous effluents, Chemosphere 54 (2004) 987–995.

21] M. Iqbal, A. Saeed, Novel method for cell immobilization and its appli-
cation for production of organic acid, Lett. Appl. Microbiol. 40 (2005)
178–182.

22] M. Iqbal, R.G.J. Edyvean, Loofa sponge immobilized fungal biosorbent:
a robust system for cadmium and other dissolved metal removal from
aqueous solution, Chemosphere 61 (2005) 510–518.

23] J.A. Bumpus, Biodegradation of polycyclic aromatic hydrocarbons by
Phanerochaete chrysosporium, Appl. Environ. Microbial. 55 (1989)
145–158.

24] K. Valli, B.J. Brock, D.K. Joshi, H.M. Gold, Degradation of 2,4-
dinitrotoluene by the lignin degrading fungus Phanerochaete chrysospo-
rium, Appl. Environ. Microbial. 58 (1992) 221–228.
ies of synthetic dyes using Phanerochaete chrysosporium and their kinetics,
Process Biochem. 40 (2005) 3337–3345.

26] I. Langnuir, The adsorption of gases on plane surfaces of glass, mica and
platinum, J. Am. Chem. Soc. 40 (1918) 1361–1403.



ardou

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

M. Iqbal et al. / Journal of Haz
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